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Abstract 
CO2 capture using supported amine sorbents is a promising post-combustion capture technology. With regard to supported amine 
sorbents, the most important issues exist in the regeneration process. In this paper, various regeneration strategies including 
thermal regeneration in pure CO2 stream, vacuum regeneration, and steam-stripping regeneration are put forward and compared 
from the aspect of energy consumption. Besides, to ensure the long-term thermal and chemical stability and high working 
capacity, a kind of supported amine sorbent with the amine groups bonded to the support was tested and employed. As to the 
regeneration characteristics, the sorbent can be regenerated completely in pure CO2 and has perfect cyclic stability. Finally, one 
200 kWth pilot plant was designed and constructed to demonstrate the process feasibility of continuous CO2 capture from flue 
gases with supported amine sorbents. The selection of the type of absorber and regenerator is discussed in detail. The pilot was 
evaluated for the air tightness and heat transfer issues.  
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduce 
In recent years, much attention has been paid on the emission reduction of carbon dioxide concerning about 
 
 
* Corresponding author. Tel.: +86-10-62789955; fax: +86-10-62789955. 
E-mail address: lizs@mail.tsinghua.edu.cn 
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
 Wenying Zhao et al. /  Energy Procedia  63 ( 2014 )  2374 – 2383 2375
potentially dangerous changes in climate[1]. The emissions of CO2 have been reported to account for half of the 
greenhouse effect that causes global warming. An approach to reduce CO2 release from large point sources is CO2 
capture and storage (CCS). The estimated costs for CO2 transportation (US$1-3 per ton per 100 km) [2] and 
sequestration (US$4-8 per ton of CO2)[2] are lower compared to the cost of CO2 capture, estimated at minimally 
US$35-55 per ton of CO2 captured[3]. Therefore, reducing the cost of CO2 capture is absolutely necessary to make 
CCS more economically attractive. The high cost of CO2 capture stems from the considerable amount of energy 
required in the separation process.  
The aqueous amine scrubbing technology is the state-of-the-art technology for post-combustion CO2 capture, and 
is commercially used in syngas purification and other chemical industry processes. After absorption the amine 
solution is heated to about 100~120 oC and the desorption reaction occurs in the stripper[4]. Due to the high 
regenerating temperature and the high heat capacity of water, the regenerating process is energy intensive. Typical 
energy cost using MEA scrubbing method was 0.37 kWh·kg1-CO2 [5], which is too high to capture CO2 from flue 
gas. In order to overcome these shortcomings, the immobilization of liquid amines onto solid support has attracted 
much attention recently[6-8]. This can significantly reduce the energy consumption due to the much smaller heat 
capacity of the solid materials compared with water. In addition, the corrosion problem can be solved or reduced due 
to the solid-solid contact between support particle and the equipment surface.  
Most researchers have been focusing on improvement of adsorption capacity applying various amine groups on 
mesoporous supports under different conditions. Ahn and his co-workers[9] investigated PEI-impregnated a series of 
mesoporous silica materials to evaluate the CO2 adsorption-desorption behaviors. Qi et al.[10] developed 
nanocomposite sorbent based on oligomeric amine (PEI, TEPA) functionalized mesoporous silica capsules with the 
highest adsorption capacity of 7.9 mmolЬg1 under simulated humid flue gas at 75 oC. Besides, supported amine 
sorbents show fast adsorption kinetics and can reach up to 90% of the saturated capacity within 2 min.  
However, several issues are of great significance in the commercial scale-up process: (1) long-term thermal and 
chemical stability during regeneration; (2) applicable continuous capture system development including suitable 
adsorption and regeneration strategies; (3) pilot demonstration. Therefore, the selection of regeneration strategies 
and sorbents is of significance. As to the reactor selection, we have built one dual-fluidized bed reactors system[11, 12]. 
And a finding is that the amount of the introduced flue gas has a significant effect on the residence time and 
circulation rate. Besides, the moisture in the flue gas will make the sorbent viscous and difficult to be fluidized. 
Therefore, considering the effect of moisture in the flue gas, there will be some problems for fluidized bed 
adsorption reactor. And it is necessary to select one kind of reactor which can deal with viscous material and be 
suitable for a large range of flue gas amount.  
In this paper, we will compare different regeneration approaches from the aspect of system energy consumption. 
Besides, special supported amine sorbents will be considered and selected for pilot test. Finally, we will introduce 
one pilot setup designed for supported amine sorbents and some preliminary results.  
2. Selection of regeneration approaches from the aspect of energy consumption 
Three regeneration approaches, thermal regeneration in pure CO2 stream, vacuum and steam-stripping 
regeneration, are analyzed and compared from the aspect of energy consumption.  
2.1. parameters definition 
 The molar flow rate of CO2 in the inlet flue gas, 
2CO
F , is assumed to be 1 kmol·s1 with the capture efficiency or 
CO2 recovery rate (
2CO
E ) of 100% because the analysis focuses on the energy consumption with each kilogram of 
CO2 captured.  
The amount of absorbed CO2 is 2 2CO COF E . Therefore, the mass of absorbed CO2 is:  
2 2 2 2CO CO CO CO
m M F E   (kg·s1)                                                                                                                    (1) 
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Where 
2CO
M (kg·kmol1) is the CO2 molecular weight.  
The amine conversion of supported amine sorbents, X, is the actual mass of CO2 absorbed divided by the 
saturation mass of CO2 that would be absorbed if the sorbent was fully converted into the carbamate: 
actual f,reg
f,abs f,reg
M M
X
M M

 

                                                                              (2)  
Where f,absM is the molar mass of the fully converted sorbent, f,regM is the molar mass of the fully regenerated 
sorbent, and actualM is the actual molar mass of the sorbent in its partially converted state. The solid phase in the two 
reactors is assumed to be well mixed, and the conversion of the sorbent is therefore equal to the conversion of the 
sorbent flows leaving these reactors. Since CO2 is transferred from the absorber to the regenerator, the average 
conversion in the absorber, absX , is higher than that in the regenerator, regX , and the difference in conversion, 
X' , is 
abs regX X X'                                                                                                                                                (3) 
X' is an important parameter and has a major impact on the adsorption and regeneration cycle. 
CO2 adsorption capacity,
2CO
C (mol-CO2·kg1-sorbent), is often used to describe sorbent characteristics. In 
principle, 
2CO
C can be related to the amine conversion, X, as follows, 
2
-1 amine
CO
amine
(mol kg )
2
xC X
M
Q                                                                                                                     (4) 
Where Q is the number of primary and secondary amine groups in the amine molecule, aminex  is the mass 
fraction of amine in the sorbent, and amineM (kg·mol1) is the molecular weight of amine. For different preparation 
approaches of supported amine sorbents, different types of amines are employed. As far as impregnated sorbents are 
concerned, amines containing ethylenediamine units (R1NH-CH2-CH2-NHR2) such as PEI are mostly used[13]. Here 
tetraethylenepentamine (TEPA) owning the simple molecule structure is analyzed as a case in point for impregnated 
sorbents. For amine grafted sorbents, 3-[2-(2-Aminoethylamino)ethylamino]propyl-trimethoxy- silane (TRI) is 
adopted[14]. For both kinds of supported amine sorbents, silica support is used for the process analysis.  
2.2. Mass balances 
The solid sorbent material balance for the process can be expressed as the following Equation.  
2 2CO CO
2
RF X F EQ
'                                                                                                                   (5) 
2.3. Heat balances 
The heat balance in the regenerator can be expressed as the following Equation. 
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Where (ǻH)reg (kJ·kmol1) is the desorption heat, Wvacuum (kW) is the electricity requirement to produce vacuum, 
Șhe  (~40%) is the efficiency of heat to electricity, Qsteam (kJ) is the heat requirement for steam sweeping and Qamine 
(kJ) is the heat to evaporate amine. 
The energy required for vacuum can be calculated with following Equation [15] if vacuum regeneration method is 
used, 
2 2
1
2
vacuum CO CO reg
1
1 [( ) 1]
1
k
kPkW F E RT
k PK

 

 21, 0.7, 1.28, 1barn k PK                                            (8)  
Where P1 is the pressure in the regenerator, and R is the ideal gas constant.  
For the case of steam purging regeneration, the steam is used to dilute the CO2 released by sorbent in the 
regenerator, and pure CO2 can be obtained by condensing the steam. During the condensation of steam, the latent 
heat will be released due to the phase transition. Therefore, energy will be required to heat the liquid water into 
steam continuously for regeneration process. The latent heat released during steam condensation can be recovered to 
some extent. Ignoring the loss of sensible heat due to the temperature change during the phase transition process, the 
additional energy required for the system depends on the recovery ratio of the latent heat released. Therefore, the 
energy requirement for this regeneration approach system can be calculated according to the following equation.  
steam steam water.eva steam(1 )Q F H K                                                                                                                  (9) 
Where Fsteam (kmol·s1) is the steam amount, Hwater.eva (2257 kJ·kg1 at 1atm) is water evaporation latent heat, and 
Șsteam is the heat recovery efficiency. 
3. Results and Discussion 
3.1. Thermal regeneration in CO2 stream 
As shown in Fig. 1, the sensible heat associated with impregnated amine sorbents decreases fast with the working 
adsorption capacity. For comparison, a typical value for the aqueous MEA process is also shown in Fig. 1. It 
becomes very clear that when the working capacity for the supported amine process is above approximately 2.5 
mol·kg1, the regeneration energy consumption can be reduced by 30~50% or more compared to the aqueous-MEA-
based process. Increasing the working capacity will reduce the sensible heat required, but have no effect on the 
reaction heat to overcome. When the working capacity is larger than ~2.5 mol·kg1, the sensible heat required is 
smaller than the reaction heat to overcome and further increasing of the working capacity has slight effect on the 
energy saving. In contrast, to pursue a very high CO2 uptake capacity may increase the cost of the sorbent. From this 
analysis, it can be concluded that when the working capacity is larger than 2.5mol·kg1, the use of supported amine 
sorbents with low reaction heat and preparation cost can save more regeneration energy and is advantageous for 
commercial application.  
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Fig. 1. Effect of 'X and 'C on the theoretical regeneration energy consumption. 
3.2. Thermal regeneration in vacuum state or in steam atmosphere 
As shown in Fig. 2, it is obvious that the energy requirement increases with the increasing of the 'T and the 
decreasing of P1 assuming that the working capacity is 2.5 mol·kg1. From Fig. 2, it can be concluded that more 
regeneration energy will be required when vacuum operation is selected. At the same time, the vacuum state of the 
regenerator will complicate the system design and operation. Thermal regeneration at atmospheric pressure seems 
therefore to be preferred. 
 
Fig. 2. Change of energy requirement for vacuum, latent solid heat, total regeneration and temperature difference 'T with CO2 partial pressure 
Fig. 3 represents the total regeneration energy consumption at different CO2 partial pressure (different steam 
amount) and various heat recovery ratios. It is obvious that the energy penalty will be increased greatly using steam 
stripping approach if the steam condensation heat recovery ratio is low. However, when the CO2 partial pressure is 
above 0.6 bar, some amount of steam could be used to inhibit the degradation of supported amine sorbents with the 
energy consumption increase less than 500 kJ·mol1-CO2.  
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Fig. 3. Total regeneration energy consumption at different CO2 partial pressures and heat recovery ratios 
4. Selection of supported amine sorbents 
Supported amine sorbents can be classified into three classes. Class 1 adsorbents[16] are prepared by physically 
loading or impregnating monomeric or polymeric amine species into or onto large surface area porous support. Class 
2 adsorbents[17] are often achieved by binding or grafting amines to oxides via the use of silane chemistry or via 
preparation of polymeric supports with amine-containing side chains. Class 3 adsorbents[18] are based on porous 
supports upon which amino-polymers are polymerized in situ, which can be considered a hybrid of the other two 
classes.  For impregnated sorbents, the thermal stability is a serious problem and amine vapor is toxic to human body. 
Besides, we also found that some impregnated sorbents such as TEPA impregnated resin will get burned in air 
atmosphere when the temperature is above 100 oC. At the same time, we found that the type of support is catalytic 
for the CO2-induced degradation[19]. Silica has the most obvious catalytic effect while resin based sorbents show 
excellent chemical stability in CO2 condition. Therefore, in order to inhibit amine evaporation and CO2-induced 
degradation, one kind of amine-functionalized ion-exchange resin is selected.  
The cyclic stability of this sorbent was studied in Q-600 Thermogravimetric Analysis (TGA). The adsorption 
process was carried out at 60 oC and kept for 30 min while the regeneration was carried out at 160 oC and kept for 30 
min. During adsorption and regeneration, pure CO2 of 100 ml·min1 was input.  
As shown in Fig.4, the sorbent has excellent stability during 20 cycles in pure CO2 between 60 oC.and 160 oC. 
The adsorption capacity almost kept the same around 2.0 mmol·g1. Therefore, this sorbent can be used in the 
approach of  CO2 stream thermal regeneration. Besides, the regeneration temperature can be kept about 160 oC.  
5. Pilot process 
5.1. Selection of adsorption and regeneration reactor type 
Supported amine sorbents have fast adsorption kinetics with large amount of heat released during adsorption 
process. Considering the effect of moisture in flue gas, a gas upward–solids downward countercurrent reactor was 
applied for adsorption reactor. Compared with traditional fluidized bed reactor, the advantage of countercurrent 
downer includes: 1) suitable for cohesive particles; 2) suitable for short-contact reaction having fast kinetics; 3) 
uniform radial distribution of local particle concentration and gas velocity; 4) suitable for flow fluctuation of flue gas. 
And compared with cocurrent downer, the countercurrent downer has more residence time and higher particle 
concentration.  
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Fig.4. Cyclic stability of amine-functionalized ion-exchange resin in pure CO2 
For the regenerator, a paddle dryer, one kind of indirect dryers, which is widely used in removing moisture 
content of many materials, such as brown coal, sewage sludge and biomass, was employed. Compared with 
traditional fluidized bed reactor, the advantage of using the indirect dryer includes: 1) avoiding large amount of 
fluidization gas; 2) lower energy consumption; 3) suitable for cohesive particles. Besides, Saturated steam or thermal 
oil is typical heat carrier for indirect dryers.  
5.2. Pilot description  
As shown in Fig.5, the pilot system with the total height of 8 m is mainly composed of one countercurrent downer 
which is used as the absorber, two paddle dryers with one used as regenerator and the other as cooler, worm feeder, 
riser and four star-type discharge valves.  The absorber is a column with square cross-section and the size is 0.50h
0.5 m2 and the height is 4.5 m. In the downer, there are some aluminium pipes with cooling water input to remove 
the adsorption heat. The flue gas is introduced at the bottom of the downer. The downer and the regenerator are 
connected through two star-type discharge valves. The star-type discharge valves are used to circulate the sorbent 
and inhibit gas leakage. The regenerator and cooler are also connected through two star-type discharge valves. The 
regenerator and cooler have the same size with the length of 4.55 m and height of 0.923 m. The paddle dryer is 
constructed by wedge-shaped paddles, two hollow shafts and a jacket. Heat carrier  or cooling water can pass 
through the paddles, the shaft and the jacket. The total heat exchange surface areas are about 10 m2. The maximal 
rotationl speed is 15 r/min. In the paddle, the sorbent is supplied from one end of the dryer and is continuously 
transferred to the other end. The sorbent is the paddle is continuously agitated by the rotating paddles and is 
thermally heated or cooled by the heat carrier or cooling water. The outlet of the cooler is connected with the inlet of 
the worm feeder which carries the sorbent to the bottom of the riser. The solid circulation rate can be controlled by 
the rotationl speed of the worm feeder. The feeding amount of the worm feeder is 0.8~4.0 m3/h with the 
rotationl speed of 15~50 r/min. The riser gas is supplied through one roots blower with the flow rate of 0~600 m3/h 
and pressure head of 49 kPa. The sorbent is transported to the top of the downer through the riser. The inside 
diameter of the riser is 0.6 m and the height is about 6 m. At the outlet of the riser, there is one cone shaped 
distributor to make the solid distributes uniformly in the downer. After the sorbent is transported to the downer top, 
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the sorbent falls due to the force of gravity while the riser gas rises. The riser gas will mix with the flue gas and 
flows out of the system through one blower which can be used to control the pressure in the downer. Then, these 
gases will pass through one bag-type dust collector to remove the dust. On the top of downer, there is a sieve with 
the pore size of about 80 um to keep the particles inside.  
 
Fig.5. Schematic diagram and picture of the 200 kWth pilot system located in GaoYi town of China. 
The paddles, star-type discharge valves, worm feeder and roots blower are controlled by frequency converters in 
order to adjust the rotationl speed. The riser and downer are both made of plexiglass (polymethylmethacrylate) 
which is transparent. The paddles are made of 304 stainless steel. As shown in Fig.5, the pressures at the bottom of 
riser (P1), outlet of cooler (P2), in the cooler (P3), outlet of regenerator (P4), in the regenerator (P5), along the downer 
(P6~P10) and the outlet of the system (P11) are measured. At the same time, the temperatures at the outlet of cooler 
(Tc), at the outlet of regenerator (Tr), at the bottom of downer (Ta) and outlet of the system (Tg) are also measured.  
5.3. Pilot evaluation 
The air tightness and heat transfer test were firstly carried out for the pilot. For the test, approximately 800 kg 
materials with the particle size of 0.4~0.8 mm were used in the setup. Here, at the beginning13X zeolites were used 
instead of ion-exchange resin due to the high price of this kind of resin. 13X zeolites have similar adsorption 
capacity and lower kinetics compared with amine-functionalized ion-exchange resin. Air was input as the flue gas 
with the flow rate of 200 m3/h. In order to inhibit the gas leakage, there should be some materials at the bottom of 
the downer and in the column between the star-type discharge valves connecting regenerator and cooler. The system 
was run at cold-model condition without CO2 input. As shown in Fig.6(a), the pressures at the bottom of riser and in 
the downer increase with the riser gas velocity. However, the pressures at the outlet of cooler and regenerator, in the 
cooler and regenerator (P2~P5) are zero which indicates that there is no gas leakage between riser and cooler, downer 
and regenerator. Duo to the resistance of materials between the regenerator and cooler, it is also impossible for gas 
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leakage if the pressures in the regenerator and cooler are almost the same. As shown in Fig.6(b), the thermal oil was 
input. After turning on the paddles, Tr (between regenerator and cooler) was firstly low because the hot sorbent had 
not arrived at this point. Then Tr increased fast when the hot sorbent replaced the cold sorbent. At the same time, the 
thermal oil was also being heated and the temperature increased. The temperature difference between the thermal oil 
and sorbent at the outlet of regenerator kept about 10 oC. At 4790s, the thermal oil heating was stopped which 
brought about the decrease of Tr. The cooling water was turned on at 3591s. Before 3591s, the sorbent at the outlet 
of cooler increased gradually. After the cooling water was input, Tc decreased obviously to about 28 oC. Ta and Tg 
increased obviously at the beginning mainly because the sorbent absorbed some CO2 and water in the system. The 
cooling water was introduced into the pipes in the downer at 500s. Then Ta and Tg decreased obviously indicating 
the cooling pipes in the downer were efficient. The star-type discharge valves between downer and regenerator were 
turned on at about 442s in order to keep some sorbent at the bottom of downer in case of gas leakage.  
       
Fig.6. (a) pressures at different points with different riser gas velocity; (b) change of temperatures at different points 
6. Conclusion 
In this paper, one 200 kWth pilot system was designed and evaluated for post-combustion CO2 capture using 
supported amine sorbents. Firstly, three regeneration approaches were analyzed and compared from the aspect of 
energy consumption. For the thermal regeneration, when the working capacity for the supported amine process is 
above approximately 2.0 mol·kg1, the regeneration energy consumption can be reduced by 30% or more compared 
to the aqueous-MEA-based process. More regeneration energy will be required when vacuum regeneration is 
selected. And the energy penalty will be increased greatly using steam stripping approach if the steam condensation 
heat recovery ratio is low. Secondly, for the pilot demonstration amine-functionalized ion-exchange resin is selected 
which has stable performance in 20 cycles with adsorption and regeneration in pure CO2. Finally, a pilot 
system was designed and the countercurrent downer was applied as the absorber and the indirect paddle dries 
were used as the regenerator and cooler. Through the cold model experiments, no gas leakage problem was 
found for the pilot system. At the same time, the heating and cooling system is efficient.  
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